Agonist binding of A 2A adenosine receptor (A 2A AR) shows protective effects against inflammatory and immune. Efforts are exerted in understanding the general mechanism and developing A 2A AR selectively binding agonists. Using molecular dynamics (MD) simulations, we have studied the interactions between A 2A AR and its agonist (adenosine), and analyzed the induced dynamic behaviors of the receptor. Key residues interacting with adenosine are identified: A63 6.52 , and N253 6.55 interacting with adenosine with affinities larger than 0.5 kcal/mol. Moreover, no interaction between adenosine and L167 5.28 is observed, which supports our previous findings that L167 5.28 is an antagonist specific binding reside. The dynamic behaviors of agonist bound A 2A AR are found to be different from apo-A 2A AR in three typical functional switches: (i) tight "ionic lock" forms in adenosine-A 2A AR, but it is in equilibrium between formation and breakage in apo-A 2A AR; (ii) the "rotamer toggle switch", T88
3.36 /F242 6.44 /W246 6.48 , adopted different rotameric conformations in adenosine-A 2A AR and apo-A 2A AR; (iii) adenosine-A 2A AR has a flexible intracellular loop 2 (IC2) and α-helical IC3, while apo-A 2A AR preferred α-helical IC2 and flexible IC3. Our results indicate that agonist binding induced different conformational rearrangements of these characteristic functional switches in adenosine-A 2A AR and apo-A 2A AR.
I. INTRODUCTION
Adenosine is produced under conditions of infection, injury, or stress. It acts as an endogenous agonist to A 2A adenosine receptor (A 2A AR), which belongs to the G-protein coupled receptors (GPCRs) trans-membrane protein family. A 2A AR adopts active and inactive allosteric equilibrium upon extracellular chemical stimuli [1] . The binding of adenosine to A 2A AR can activate the receptor and exert neural functions in the central nervous system [2] , most possibly by elevating the intracellular level of cyclic AMP (cAMP) [3] . It has been demonstrated that A 2A AR agonist can suppress inflammation. Meanwhile, it has been observed in A 2A AR silenced mice enhanced inflammatory response. Thus, agonist bound A 2A AR shows protective effects against inflammatory and immune [4−6] . In order to understand how agonist bound A 2A AR suppresses the inflammatory responses, different mechanisms were proposed. The activation of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) pathway was demonstrated firstly [7] . But other studies revealed different pathways where the NF-κB was not activated [8, 9] . The general mechanism of A 2A AR activation is far from clear.
In the past decades, new achievements were obtained on determining the molecular structures and dynamic properties of A 2A AR. Crystal structures binding with either agonist [10, 11] or antagonist [12−14] were reported. These new structures lead to crucial hints to the functional mechanisms. Meanwhile, computational studies revealed dynamic information of A 2A AR, and provided detailed understandings of its functionality. Conformational dynamics of A 2A AR bound with agonist, adenosine or UK432097, suggested that the binding of adenosine was highly dynamical while UK432097 stabilized a much tighter neighborhood of active conformation. It thus explained the 100-to 1000-fold greater efficacy of UK432097 compared to adenosine [15] .
Simulations of A 2A AR in both cholesterolfree and cholesterol-bound POPC (1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine) membrane bilayers suggested that cholesterol could bind with A 2A AR at the interface of TM1, TM2, and TM3, and be functioned as a cofactor with the agonist in GPCR activation [16] .
However, due to crystal packing and the low resolution of crystal structures (ranging from 2.6Å to 3.6Å), some loops of the protein are incomplete or shown in poor resolution. In this work, we describe the agonist binding at molecular level and illustrate important A 2A AR conformation changes, which were not reported in previous studies on A 2A AR agonist binding.
Adenosine is an endogenous agonist to A 2A AR. It bounds to A 2A AR and activates the receptor to exert neural functions in the central nervous system in human body [2] . Drugs, either agonist or antagonist, will compete with adenosine for binding with A 2A AR and then enhance or inhibit the activation of A 2A AR, respectively. Thus to study the binding of adenosine and the induced dynamic behaviors of the receptor is of fundamental importance. This could be useful for the future experimental studies to unravel the molecular mechanism of A 2A AR functioning. A 2A AR shares the conserved topology structural fold in the GPCR protein family, in which the conformation of the highly conserved motifs and secondary structures of the loops rearrange, switching on and off the receptor. Among them, the "ionic lock", "rotamer toggle switch", and IC2/IC3 are identified to be the characteristic functional switches of proteins in GPCR family. The conformations of these switches are different between active and inactive GPCRs [17−28] . Fluorescence resonance energy transfer (FRET) [29] and site-directed spin labeling (SDSL) [30] could monitor the conformation adjustments of some key regions. However, direct tracking of the coherent conformation changes is difficult to achieve.
In this work, we studied the agonist binding and the induced conformational dynamics of the functional switches in A 2A AR by comparing the conformations between apo-A 2A AR and adenosine-A 2A AR, and suggested structural indicators for A 2A AR agonism. According to our observation, the ionic lock, rotamer toggle switch and secondary structures of IC2 and IC3, give different conformations between apo-A 2A AR and adenosine-A 2A AR.
II. METHODS
A. Structure preparation of A 2A AR
The missing intracellular loop 3 (IC3) and extracellular loop 2 (EC2) were constructed by homo-modeling with Swiss Model [31] . The vasopressin V2 receptor (PDBID 2JX4) and β 2 AR (PDB ID: 2RH1) were used as templates, respectively. The generated structures were examined by Verify3D [32] and proven to be physical. Furthermore, a 1000-step energy minimization was performed by AMBER10 package [33] . The H++ [34] was applied to determine the protonation state for titratable groups of the protein at pH=7.0. Missing hydrogen atoms in crystal structure were added by LEaP [33] .
B. Construction of apo-A2AAR and adenosine-A 2A AR
The apo-A 2A AR model was obtained by removing the binding antagonist ZM241385 from the crystal structure. Adenosine-A 2A AR model was prepared with Autodock 4.0 package [35] with the same protocol used in our previous work [36] . The number of torsions in adenosine is 5. Referring to Autodock tutorial [35] and the reported applications [37] , we performed 250 docking trials with 2.5×10 6 poses evaluated in each trial and the one with the highest binding affinity was recorded in each trial. To cluster the 250 poses reported at the end of each docking experiment, we have tested the RMSDtolerance of 2.0, 1.0, and 0.5Å. The RMSD-tolerance of 2.0Å will cluster the binding modes into one big group and cannot classify different docking modes well. The RMSD-tolerance of 0.5Å will cluster the binding modes into too many small groups. The RMSDtolerance of 1.0Å can cluster the binding modes into several representative groups. Thus, the resulting binding modes were clustered by RMSD-tolerance of 1.0Å. Four biggest clusters with more than 15 members were gathered. To get the most probable binding mode, the one with lowest binding energy score in each of the four clusters was chosen to perform further MD simulation. The binding modes were further determined with MD simulations and detailed binding energy calculations.
C. System setup and force field parameters for MD simulations
In VMD [38] , each A 2A AR model was inserted into a 100Å×100Å POPC bilayers. POPC molecules within 5.0Å of any A 2A AR atoms were removed. The A 2A AR-lipid was solvated by 50Å thick water layers in both sides. The full system was neutralized with Clcounter-ions with Amber. The final system size was 100Å×100Å×159Å, containing ∼1.32×10 5 atoms. MD simulations were performed by NAMD package [39] with Amber force field FF99SB for the protein and GAFF for adenosine and POPC lipids. Atomic charges of adenosine were derived from R.E.D [40] , in which structure optimizations and electrostatic potential calculations were taken with Gaussian 03 [41] at the level of HF/6-31G * . The partial charges were fitted using RESP algorithm. The atom types were allocated by ANTECHAMBER module. The atom charge and atom type of POPC was referred to that in Ref. [42] .
D. Protocol of MD simulation
Firstly, the system was relaxed by a combined energy minimization and MD simulation scheme. The protein, adenosine, POPC molecules and crystal water were fixed with a force constant of 2 kcal/(mol·Å 2 ), and the solvent was relaxed using 10 4 -step energy minimization followed by 5×10 5 -step NPγT MD simulation. Af-ter that, the constrain on POPC molecules was removed and the whole system was relaxed by another 10 4 -step energy minimization and 5×10 5 -step NPγT MD simulation. The agonist, crystal water and protein molecules were relaxed gradually using the same protocol.
The whole system was heated gradually to 310 K by Langevin dynamics with a damping coefficient of 1.0 ps −1 . NPγT ensemble was used with the surface tension of 60 mN/m and the pressure of 1.01325 bar. The Langevin piston Nosé-Hoover method was used to control the pressure [43, 44] , with the damping and oscillation time scales of Langevin piston as 50 and 100 fs, respectively. Covalent bonds involving hydrogen were restrained by the SHAKE algorithm [45] . The shortranged nonbonded interaction was switched off gradually from 10Å to 12Å. The PME method [46] was applied to treat long-range electrostatic interactions, and the grid size is 120Å×120Å×180Å. A multiple-timestep algorithm was used with the covalent force evaluated every 1.0 fs. For the first 10 ns simulation, the multiple time step scheme of 1.0 fs for short-range nonbonded force and 2.0 fs for long-range electrostatic force was used; then the time steps of 2.0 fs for short-range nonbonded force and 4.0 fs for long-range electrostatic force were used in the following simulation.
E. Binding energy decomposition
Binding energies between adenosine and protein molecules were calculated and decomposed on each residue of the protein with the MM-GBSA module in Amber [33] . The calculations were performed according to the thermodynamic cycle shown in Fig.1 . The energy terms were averaged over 10 3 frames, which were extracted from each 10 ns trajectory in every 40th ns of the MD simulation. Snapshots of 40−50, 90−100, and 140−150 ns were calculated, respectively. In the energy decomposition, the contributions of each term were decomposed to each residue of the protein. The binding mode selection of adenosine was performed in the same way. Since we mainly focused on which residues contribute greatly to ligand binding, we did not consider entropy contribution in this work [47−50] .
F. Analysis protocols
The root-mean-square deviation (RMSD), distances between specific atom pairs, dihedral angles of residues, and hydrogen bonding interactions were analyzed by PTRAJ module of AMBER10. RMSD of protein and ligands were used to evaluate the convergence of the simulation. DSSP algorithm [51] was applied to assign the secondary structure content of IC2 and IC3 during MD simulation. 
III. RESULTS AND DISCUSSION
A. Determined adenosine binding mode via docking and binding energy decomposition
To determine the binding site of adenosine, we first predicted the binding mode between adenosine and A 2A AR by AutoDock, and then selected the most typical binding mode from short MD simulations and binding energy decomposition calculations. Four clusters with more than 15 members were gathered (Fig.2) . To get the most probable binding mode, the one with lowest binding energy score in each of the 4 clusters were chosen for further calculations ( Fig.2 and Fig.3 (a, b) ). Since the docking program did not consider the flexibility of the protein structure, we performed MD simulations on the four most representative structures to achieve the equilibrium (Fig.3 (c, d) ). Binding energies between adenosine and protein were calculated with MM-GBSA in every 10 ps during the simulation, and further decomposed into terms of contributions on a per-residue basis for each binding mode. Residues, such as F182 binding in experiments [52] . Meanwhile, mutations of N253 6.55 A and H250 6.52 A would abolish agonist binding [14] . It thus reveals that N253
6.55 and H250
6.52
play crucial roles in agonist binding. (Residues are labeled according to the Ballesteros-Weinstein residue numbering method [53] , and supplementary material). As shown in Fig.4 , in the binding mode of Ade-8, adenosine interacted strongly with most of those residues, especially with N253 6.55 and H250 6.52 . However, in the other three predicted binding modes, no interaction between adenosine and H250 6.52 , which is crucial for agonist binding, was detected. Therefore, we chose Ade-8 as the most reasonable binding mode for further MD simulation. Besides, all the interactions predicted in Ade-8 are observed in the recently reported agonist bound A 2A AR crystal structure (PDBID 2YDO, but in poor resolution, 3.0Å), which proves the validity of our model [11] . For the interaction observed in the crystal structure, all of the four binding modes failed to predict the interactions between adenosine and A63 2.61 , N181
5.42 , and S277 7.42 . This might be because the fixed protein did not equilibrate enough during the short MD simulation and the flexibility of the protein was not fully considered during the binding energy calculation. However, it could also be an artifact of the poor resolution of the crystal structure. All of the predicted binding The stability of the simulation was evaluated by RMSD with the crystal structure as reference. Rapid rises of the protein RMSD profile (3−4Å) within the first 3 ns simulation suggested that protein conformation has been rearranged from the crystal structure ( Fig.5(a) ). These structure changes mainly resulted from two factors, one was the membrane environment, which indicated the difference between the protein conformations in membrane (simulation) and in water (crystal); the other one was the replacement of exogenous T4L section (crystal) with homology-modeled structures of EC2 and IC3 (simulation). The RMSD plateau after 20 ns suggested that the resulted structures were reasonably stable. As revealed by the fluctuation of the adenosine RMSD ( Fig.5(a) ), the binding of adenosine is quite dynamic. Adenosine alternated its binding pose after ∼40 ns during the MD simulation, relative to the predicted binding mode. The adenosine in the new binding pose showed a similar conformation as the recent published adenosine-A 2A AR crystal structure [11] . However, in the MD simulations which started from the adenosine-A 2A AR crystal, the bound adenosine also inverted compared to the crystal structure, and had similar conformation as we predicted [15] . Thus, our simulation also supported that adenosine was highly dynamic when it bound to A 2A AR [15] .
C. Identified key adenosine-binding residues in A 2A AR via interaction energy analysis
In order to identify important A 2A AR residues that interacted with adenosine, we analyzed the interactions between A 2A AR and adenosine by averaging the binding energy over 3 trajectories for adenosine-A 2A AR. Residues with interactions stronger than 0.5 kcal/mol are shown in Fig.6 . The detailed decompositions with standard deviation are shown in Table I . Among the experimentally reported residues, which are important to agonist binding [14, 52] 6.51 were also detected. These interactions are consistent with the recently reported agonist bound A 2A AR crystal structure, which proves the validity of our model [11] . In our previous work, L167 5.28 was found to be the antagonist specific binding residue, which only interacted with antagonist but not agonist [36] . During the MD simulation of adenosine-A 2A AR, no strong interaction (binding affinity smaller than 0.2 kcal/mol) between L167
5.28 and adenosine was formed, which further supports our point.
D. Adenosine binding induced the formation of the tight ionic-lock
The ionic lock was believed to be important in the inactive state of GPCR [14, 17, 23, 54, 55] , but it was broken in the crystal structure of the inactive A 2A AR [14] . Our previous work suggested that the ionic lock in apo-A 2A AR is equilibrated between forms of formation and that of breakage, while it stayed broken in the two antagonist binding holo-A 2A ARs [36] . Besides, the analysis on hydrogen bond interactions of R102 The smaller ionic lock distances in adenosine-A 2A AR indicated that agonist binding enhanced the lock and reduced the relative distance between TM3 and TM6.
E. Adenosine binding induced rotamer toggle switch in A2AAR
Rotamer toggle switch was another structural element that could switch the GPCRs between active and inactive states by changing their χ1 rotamers (measured by the N−Cα−Cβ−Cγ torsion angle) in response to ligand binding [22] . T88
3.36 /F242 6.44 /W246 6.48 was identified as the rotamer toggle switch in A 2A AR. But this rotamer toggle switch adopted different rotation states between apo-A 2A AR and adenosine-A 2A AR. W246 6.48 remained in gauche-state (χ1 near −60
• ) in adenosine-A 2A AR, but shifted to trans (χ1 near ±180
• ) in apo-A 2A AR (Fig.8) . T88
3.36 and F242 6.44 took trans rotamers in adenosine-A 2A AR, but both of them switched to gauche-in apo-A 2A AR (Fig.8) . Rotamer toggle switch of the same conformations in adenosine-A 2A AR is also reported in antagonist bound holo-A 2A ARs [36] . For all GPCRs, IC2 (TM3-IC2-TM4) and IC3 (TM5-IC3-TM6) were believed to be "switch regions" that could alter the equilibrium between active and inactive states. The change in secondary structures of IC2 and IC3 could indicate the activation or inactivation of GPCR. The formation of α-helical IC2 might restrain GPCRs in their inactive states and weaken their binding to G proteins [24, 28] . The α-helical IC3 was suggested to be crucial for interactions between GPCR and the G proteins, and to further activate G proteins [56, 57] . Our previous study showed that apo-A 2A AR preferred α-helical IC2 and flexible IC3; whereas in an- 6.48 switched to a trans conformation in apo-A2AAR, whereas it remained gauche− in adenosine-A2AAR. F242
6.44 sampled frequently as gauche-in apo-A2AAR, whereas it remained trans in adenosine-A2AAR. T88
3.36 frequently sampled gauche-in apo-A2AAR, whereas it mostly adopted trans conformations in adenosine-A2AAR.
tagonist bound holo-A 2A ARs, an irregular IC2 and a short α-helical or 3 10 -helical IC3 were more frequently observed [36] . We compared the secondary structures of IC2 and IC3 between the apo-A 2A AR and adenosine-A 2A AR. In apo-A 2A AR, IC2 adopted α-helix, while in adenosine-A 2A ARs it frequently behaved as irregular loops ( Fig.9(a,c) and cartoons shown in Fig.10 ). For IC3, though the initial structure from homo-model was a long α-helix, it quickly transited to irregular loops and remained flexible in apo-A 2A AR, whereas a short α-helix (or 3 10 -helix) was formed in adenosine-A 2A AR (Fig.9 (b be a dynamic indicator for the binding of both agonist and antagonist.
IV. CONCLUSION
In this work, the adenosine binding to A 2A AR and its induced conformational dynamics were studied. Firstly we investigated the agonist binding and identified key interacting residues by binding energy calculation and its decomposition. Besides H250 5.38 and L249 6.51 were also detected to interact with adenosine, which was consistent with the recently published adenosine-A 2A AR crystal structure. Moreover, no strong interaction between adenosine and L167 5.28 was observed, which agreed with our previous findings that L167 5.28 is an antagonist specific binding reside [36] . Thus, enhancing the antagonist binding with L167 Together with our previous work on antagonist bound A 2A ARs [36] , the results suggested that agonist/antagonist bound A 2A ARs had similar rotamer toggle switch conformation and secondary structures of IC2/IC3, which were different from apo-A 2A AR. Meanwhile, tight ionic lock was formed in agonist-A 2A AR, but it was broken in antagonist bound A 2A AR and equilibrated between formation and breakage in apo-A 2A AR. Thus, the agonism/antagonism dynamic behaviors of these switches could be used as monitors of A 2A AR activation/inactivation transition and help to unravel the functional mechanisms of A 2A AR.
Supplementary material: Ballesteros-Weinstein residue numbering methods are shown as follows. For GPCRs, in addition to numbering the residues by their positions in the primary amino acid sequence, the residues have also been numbered in superscripts (X.YY) that indicate their position in each transmembrane helix (X, helix number, from 1 to 8) relative to the most conserved reference residue in that helix (YY). This residue is arbitrarily assigned the number 50, and numbers decrease toward the N-terminus and increase toward the C-terminus. However, the numbering is not used in loop regions beyond residues X.20 and/or X.80 or T4L. For example, W246
6.48 is the 246th amino acid in A 2A AR, and it is 2 residues N-terminus adjacent to the most conserved reside P248 6.50 in TM6.
